Introduction
============

Tinnitus is a common and distressing symptom that is characterized by the perceived sensation of sound in the absence of an external stimulus, most commonly known as the perception of "ringing in the ears"). Moreover it has been generally recognized that tinnitus is clinically heterogeneous, with respect to its etiology, its perceptual characteristics and its accompanying symptoms. Neuroimaging studies have increasingly contributed to a better understanding of the neuronal correlates of the different forms of tinnitus. In detail they demonstrated involvement of both auditory pathways and non-auditory brain areas, such as dorsolateral prefrontal cortex, orbitofrontal cortex, anterior cingulate, subgenual cingulate, posterior cingulate, parietal cortex, amygdala, hippocampus, parahippocampus, and cerebellum (for review see Lanting et al., [@B80]). In a recent working model these areas were suggested to be implicated in attentional, emotional, cognitive, and memory aspects related to tinnitus (De Ridder et al., [@B22]). However an inherent limitation of functional imaging studies is its correlational approach. In other words, functional imaging can only reveal alterations of neuronal activity that are related to tinnitus, but cannot distinguish, which alterations are of causal relevance and which may just represent epiphenomena. More information about critical contributions of specific brain regions can be gained by transient perturbation of neural activity in these regions. This can be done by investigating the behavioral effects of focal brain stimulation methods. Brain stimulation techniques can be non-invasive, e.g., transcranial magnetic stimulation (TMS) or transcranial direct current stimulation (tDCS) or invasive, e.g., epidural or deep brain electrical stimulation.

Notably the still incomplete understanding of the mechanisms by which brain stimulation methods exert their behavioral effects limits their informative value for mapping brain function (Borchers et al., [@B11]). TMS for example represents a multimodal stimulation approach involving stimulation of somatosensory afferents and auditory stimulation in addition to cortical stimulation, all of which may be relevant for the observed behavioral effect (Schecklmann et al., [@B131]; Vanneste et al., [@B143]; Zunhammer et al., [@B157]). However, with these limitations in mind brain stimulation techniques still represent useful tools for complementing neuroimaging techniques in the study of brain function by testing hypotheses of causal relationships between the behavioral effects and imaging results. In detail, performing neuroimaging before and after brain stimulation can directly reveal, which changes of brain activity are related to subjective perceptual changes. Here we will review how neuroimaging and brain stimulation studies have complemented each other in the identification of neuronal correlates of tinnitus.

Brain Stimulation Techniques
============================

Transcranial magnetic stimulation
---------------------------------

Transcranial magnetic stimulation is an experimental tool for stimulating neuronal cell assemblies via brief magnetic pulses delivered by a coil placed on the scalp (Barker et al., [@B8]). A short lasting, high intensity current pulse through an insulated stimulating coil induces a magnetic field perpendicular to the coil which penetrates the scalp with little attenuation inducing an electrical current in the brain area under the coil, which in turn induces depolarization of nerve cells. Magnetic coils with a variety of shapes are available. Figure-eight-shaped coils are preferentially used, since they produce a more focal magnetic field than round coils. Their maximal current is delivered at the intersection of the two round components (Hallett, [@B48]). Due to the strong decline of the magnetic field with increasing distance from the coil, the direct stimulation is limited to superficial cortical areas. However, stimulation effects propagate transsynaptically to functionally connected remote areas and thus modulate brain network activity (Siebner et al., [@B137]; May et al., [@B93]). More recently newer coils have been developed that might be able to penetrate deeper into the brain, such as the H-coil (Rosenberg et al., [@B125]) or double cone coil (Hayward et al., [@B49]).

Whereas single magnetic pulses do not seem to have longer lasting effects on the brain, the application of multiple pulses, called repetitive TMS (rTMS), can induce changes in neuronal excitability that outlast the duration of the stimulation (Hallett, [@B48]). These effects resemble those seen in animal experiments where repeated electrical stimulation has been shown to produce changes in the effectiveness of synapses in the same circuits (Hoffman and Cavus, [@B50]). These changes include the phenomena of long term potentiation (LTP) and long term depression (LTD), which have been shown to be important for learning and memory processes (Wang et al., [@B151]). rTMS can also be used to transiently disturb ongoing neural activity in the stimulated cortical area, thus creating a transient functional lesion. Such an approach can help to identify whether a given brain area is critically involved in a specific behavioral task. However in the interpretation of the effects it has to be considered that effects of rTMS are not limited to the directly stimulated brain regions, but can also induce changes in remote functionally connected brain areas. Moreover it has to be taken into consideration that rTMS always represents a multimodal stimulation approach involving not only cortical stimulation, but also the stimulation of somatosensory afferents (Vanneste et al., [@B143]; Zunhammer et al., [@B157]) by the stimulation of scalp neurons and auditory stimulation (Schecklmann et al., [@B131]) by its acoustic artifact, all of which may be relevant for the observed behavioral effect.

Transcranial direct current stimulation
---------------------------------------

Transcranial Direct Current stimulation is another non-invasive procedure for cortical stimulation. For tDCS a relatively weak constant direct current (between 0.5 and 2 mA) is transiently applied via scalp electrodes. The current flows from the anode to the cathode (George and ston-Jones, [@B44]), and about 50% of the current is shunted through the skin and subcutaneous tissues, whereas 50% goes through the brain (Dymond et al., [@B33]). Depending on the polarity of the stimulation, tDCS can increase or decrease cortical excitability in the brain regions under the electrode (Nitsche and Paulus, [@B106]). Anodal tDCS typically has an excitatory effect on the local cerebral cortex by depolarizing neurons, while the opposite is the case under the cathode, where hyperpolarization occurs. This effect of tDCS typically outlasts the stimulation by an hour or longer after a single treatment session of about 20--30 min (Nitsche and Paulus, [@B106], [@B107])

Epidural stimulation
--------------------

Epidural stimulation via implanted electrodes is an invasive neuromodulation technique used to permanently modulate activity of the cerebral cortex, which is in contrast to non-invasive techniques that usually yield a transient modulation. Electrodes can be placed anywhere on the cortex, e.g., motor cortex (Nguyen et al., [@B105]), somatosensory cortex (De Ridder et al., [@B16]), auditory cortex (De Ridder et al., [@B15]), or dorsolateral prefrontal cortex (De Ridder et al., [@B25]). The target is usually retrieved by functional imaging such as fMRI (De Ridder et al., [@B21]) or PET scan, but can also be done using a combination of intraoperative electrophysiological measures (ERP; Pirotte et al., [@B115]) and functional imaging data (MRI; Pirotte et al., [@B116]). Attempts have been made to use non-invasive TMS prognostically showing moderate (De Ridder et al., [@B24]) to good results (Lefaucheur et al., [@B84]).

Deep brain stimulation
----------------------

Deep brain stimulation (DBS) uses the same technique as epidural stimulation to modulate electrical activity in the deeper brain structures. It has been shown that DBS alters neurotransmitter release and electrical activity locally, and also exerts a certain network effect (Kringelbach et al., [@B69]). For localization purposes Cartesian coordinates derived from brain atlases are used to integrate in stereotactic frames. This permits to accurately positioning a wire electrode in the elected neurostimulation target. Recordings from the inserted electrode can be performed for confirming the localization of the electrode at the intended target.

The Involvement of Central Auditory Pathways in Tinnitus
========================================================

Traditionally, tinnitus was considered to be a disorder that was primarily confined to the ear. However, the observation that tinnitus persists in general after transsection of the auditory nerve clearly indicates its central nervous system origin (House and Brackmann, [@B51]). Both animal models of tinnitus and neuroimaging research in patients suffering from tinnitus have provided important insight into the neuronal mechanisms involved in the pathophysiology of tinnitus. Based on animal studies, three mechanisms have been proposed to underlie tinnitus: (1) changes in the firing rates of spontaneous neural activity in the central auditory system, (2) changes in the temporal pattern of neural activity (synchrony), and (3) reorganization of tonotopic maps (Eggermont and Roberts, [@B34]).

The first functional neuroimaging studies of tinnitus have been focused on the auditory system either by analyzing steady-state neural activity in the auditory cortex (Arnold et al., [@B4]) or by investigating sound-evoked responses (Lockwood et al., [@B88]; Melcher et al., [@B96]). All studies with \[^15^O\]-H~2~O PET have consistently provided evidence for tinnitus-related elevated blood flow in auditory structures. Measurements of regional glucose uptake (FDG-PET), which is a marker for steady-state neuronal activity, found an asymmetric activation of the auditory cortex with an increase predominantly on the left side and independent of tinnitus perceived laterality (Arnold et al., [@B4]; Langguth et al., [@B73]). In several (Melcher et al., [@B96]; Smits et al., [@B139]; Lanting et al., [@B78]) but not all (Melcher et al., [@B95]) studies investigating individuals with unilateral tinnitus, altered activation patterns were observed in the auditory pathway contralateral to where the tinnitus was perceived.

Alterations of neuronal activity in central auditory pathways have also been investigated by electroencephalography (EEG) and magnetoencephalography (MEG). In people with chronic tinnitus MEG (Llinas et al., [@B87]; Weisz et al., [@B154], [@B152]) and EEG (van der Loo et al., [@B140]; Moazami-Goudarzi et al., [@B104]) resting state measurements revealed relatively consistent a reduction of alpha activity (8--12 Hz), and an increase in both slow wave activity (delta and theta 1--6 Hz) and gamma activity (\>30 Hz) in the temporal cortex.

Alterations of neuronal activity in auditory pathways of tinnitus patients have also been documented by using auditory evoked potentials, where both increases (Santos and Matas, [@B127]) and decreases (Attias et al., [@B6], [@B5]) of amplitudes have been found. The increases were observed in patients without hearing loss (i.e., \<25 dB; Santos and Matas, [@B127]), whereas the decreases in patients with hearing loss (Attias et al., [@B6]). Significantly increased N1--P2 amplitudes were found at higher stimulus intensities for the tinnitus ear in comparison to the non-tinnitus ear in patients with unilateral tinnitus (Norena et al., [@B108]).

It is assumed that the observed alterations of neural activity in the auditory pathways arise as a consequence of altered sensory input, namely auditory deprivation in most cases (Norena et al., [@B109]; Norena and Eggermont, [@B111]), but can also be due to altered somatosensory input (Roberts et al., [@B124]). Several lines of evidence indicate that the mentioned adaptive processes are mainly driven by mechanisms of homeostatic plasticity which alter the balance between excitatory and inhibitory function of the auditory system at several levels in order to compensate for the reduced input (Schaette and Kempter, [@B128]; Norena, [@B110]; Schaette and McAlpine, [@B129]; Yang et al., [@B155]).

Even if neuroimaging findings largely contributed to a more detailed understanding of tinnitus, important knowledge gaps still remain. Thus it is not clear to which extent the observed findings are really related to tinnitus ("state") or whether they reflect a predisposition for developing tinnitus ("trait").

Moreover, the alterations of neuronal structure and function in tinnitus patients may represent the neuronal correlates of tinnitus, but they may also represent compensatory mechanisms for auditory deprivation and be unrelated to tinnitus or even beneficial for attenuating tinnitus. Answering these questions is challenging due to (1) the lack of longitudinal studies in humans with neuroimaging measurements before and after tinnitus onset, (2) the limited reliability of behavioral assessment of tinnitus in animals, and (3) the limited sensitivity for assessing auditory dysfunction in humans. Many cross-sectional imaging studies which compared tinnitus patients and controls, did not control for hearing loss. Thus it remains unclear whether the observed changes are related to tinnitus or to hearing loss. But even when the studies controlled for hearing loss, this was done based on the audiogram which provides only limited information about the integrity of the cochlea (Schaette and McAlpine, [@B129]).

Thus, the modulation of neuronal activity in the auditory pathways of tinnitus patients by means of focal brain stimulation represents an elegant way to further address the question whether alterations in the auditory pathway depict a trait or a state factor

Modulation of auditory cortex activity
--------------------------------------

### Transcranial magnetic stimulation

As mentioned before, tinnitus is related to altered activity of central auditory areas. If the perception of tinnitus can be influenced by rTMS over auditory cortical areas and given that rTMS reliably changes auditory cortex activity, this would provide support for a causal relationship between abnormal neural activity in these areas and tinnitus perception. Many studies have investigated the effects of both single sessions and repeated sessions of rTMS over temporal or temporoparietal brain areas.

#### Single sessions of rTMS for transient tinnitus suppression

Within the last years 11 studies involving over 300 patients have been published, in which single sessions of rTMS over temporal or temporoparietal areas have been applied (see Table [1](#T1){ref-type="table"}). These studies differed with respect to the applied stimulation protocols, the exact stimulation areas, the method for coil localization, the chosen control condition, and the used assessment instruments. Nevertheless almost all studies reported a transient tinnitus reduction in a subgroup of tinnitus patients (for detailed results see Table [1](#T1){ref-type="table"}). This indicates the relevance of the stimulated area for tinnitus perception in those patients. Only few studies have compared different stimulation protocols.

###### 

**Effects of single sessions of rTMS over auditory brain areas**.

  Authors                            *N*   Stimulation site                                                           Coil positioning                                                          Frequency                                                                        Intensity                                                                           Pulses/session                                                                Control condition                                            Results
  ---------------------------------- ----- -------------------------------------------------------------------------- ------------------------------------------------------------------------- -------------------------------------------------------------------------------- ----------------------------------------------------------------------------------- ----------------------------------------------------------------------------- ------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Plewnia et al. ([@B117])           14    Various scalp positions                                                    10--20 EEG system                                                         10 Hz                                                                            120% MT                                                                             30                                                                            Stimulation of non-auditory cortical areas                   In eight patients (58%) tinnitus suppression after left temporal/temporoparietal stimulation
  De Ridder et al. ([@B29])          114   Auditory cortex contralateral to tinnitus site                             Anatomical landmarks                                                      1, 5, 10, 20 Hz                                                                  90% MT                                                                              200                                                                           Coil angulation                                              In 60 patients (53%) good or partial tinnitus suppression after active rTMS, in 33% suppression after sham rTMS
  Fregni et al. ([@B41])             7     Left temporoparietal areas                                                 10--20 EEG system                                                         10 Hz                                                                            120% MT                                                                             30                                                                            Sham coil and active stimulation of mesial parietal cortex   In three patients (42%) tinnitus suppression after left temporoparietal stimulation, no effect for both control rTMS conditions
  Folmer et al. ([@B37])             15    Left and right temporal cortex                                             10--20 EEG system                                                         10 Hz,                                                                           100% MT                                                                             150                                                                           Sham coil                                                    In six patients (40%) tinnitus suppression after active rTMS, in four of the patients after contralateral rTMS in two patient after ipsilat. TMS; in two patients suppression after sham rTMS
  Londero et al. ([@B90])            13    contralateral auditory cortex                                              fMRI-guided neuronavigation                                               1, 10 Hz                                                                         120% MT                                                                             30                                                                            Stimulation over non-auditory cortical areas                 Eight patients were stimulated over the auditory cortex with 1 Hz; in five of them (62.5%) tinnitus suppression; no suppression after 1 Hz rTMS of non-auditory targets; no suppression after 10 Hz, in two patients suppression after stimulation of a control position
  Plewnia et al. ([@B118])           8     Area of maximum tinnitus-related PET activation (temporoparietal cortex)   neuronavigational system, based on H~2~O PET with and without Lidocaine   1 Hz                                                                             120% MT                                                                             300, 900, 1800                                                                control position (occipital cortex)                          In six patients (75%) tinnitus reduction after active rTMS, better suppression with more pulses
  De Ridder et al. ([@B15],[@B16])   46    Auditory cortex contralateral to tinnitus site                             Anatomical landmarks                                                      5, 10, 20 Hz tonic; 5, 10, 20 Hz burst                                           90% MT                                                                              200                                                                           Coil angulation                                              Fourteen placebo-negative patients were analyzed: In those with narrow band/white noise tinnitus burst TMS was more effective in tinnitus suppression as compared to tonic TMS, whereas for pure tone tinnitus no difference was found between burst and tonic.
  Poreisz et al. ([@B120])           20    Inferior temporal cortex                                                   10--20 EEG electrode system, T3                                           continuous theta burst, intermittent theta burst, immediate theta burst          80% MT                                                                              600                                                                           No placebo condition                                         Significant tinnitus reduction only for continuous theta burst immediately after stimulation
  Meeus et al. ([@B94])              50    Auditory cortex contralateral to tinnitus site                             Anatomical landmarks                                                      1, 5, 10, 20 Hz tonic; 5, 10, 20 Hz burst                                        50% maximal stimulator output (independently of individual MT)                      200                                                                           Coil angulation                                              No difference between tonic and burst rTMS in pure tone tinnitus (about 50% average suppression in unilateral and 30% in bilateral tinnitus). For bilateral narrow band tinnitus superiority of burst stimulation compared to tonic stimulation; better effects in patients with lower MT
  Lorenz et al. ([@B91])             10    Left auditory cortex                                                       10--20 EEG electrode system                                               1 Hz, individual alpha, continuous theta burst, intermittent theta burst, sham   110% MT for 1 Hz, individual alpha and sham; 80% MT for the theta burst protocols   1000 for 1 Hz, individual alpha and sham; 600 for the theta burst protocols   Coil angulation                                              Significant tinnitus reduction for 1 Hz rTMS and continuous theta burst
  Minami et al. ([@B100])            16    Left auditory cortex                                                       Anatomical landmarks                                                      1 Hz                                                                             110% MT                                                                             1200                                                                          Open study                                                   significant reduction in the VAS (loudness and annoyance) immediately after rTMS

*MT, Motor threshold*.

In one study different brain areas were stimulated with high-frequency rTMS (10 Hz). Best tinnitus suppression was found for stimulation of the left temporoparietal cortex resulting in a transient reduction of tinnitus in 57% of the participants (Plewnia et al., [@B117]).

In one study rTMS at frequencies between 1 and 20 Hz was applied over the auditory cortex contralateral to the site of tinnitus perception. The best transient tinnitus suppression was achieved by using higher stimulation frequencies for tinnitus of recent onset and lower frequencies for tinnitus of longer duration. Patients who had their tinnitus for a shorter duration experienced the best results (De Ridder et al., [@B29]). One study (Londero et al., [@B90]) demonstrated reliable tinnitus suppression in only 1 out of 13 subjects after a single session of 10 Hz rTMS, whereas 5 out of 8 reported tinnitus suppression after 1 Hz rTMS. Dose-dependent effects were observed in one study, where single sessions of low-frequency (1 Hz) rTMS were applied to areas of altered blood flow during lidocaine injection (Plewnia et al., [@B118]). With longer lasting stimulation sessions a longer lasting tinnitus reduction was observed.

Repetitive TMS can be applied in tonic and burst mode. Bursts of three stimuli at a frequency of 50 Hz (interval of 20 ms between each stimulus), applied every 200 ms (5 Hz, Theta burst) have been shown to induce more pronounced and longer lasting effects on the human motor cortex than tonic stimulation (Huang et al., [@B53]). Single sessions of continuous theta burst stimulation (three pulses at 50 Hz, repeated at 200 ms intervals for up to 600 pulses for 40 s) over the temporal cortex in tinnitus patients did only result in short lasting reduction of tinnitus loudness, comparable to effects achieved with single sessions of tonic stimulation, whereas other theta burst protocols had no effect at all (Poreisz et al., [@B120]; Lorenz et al., [@B91]). In two other studies single sessions of burst stimulation were compared with tonic stimulation (De Ridder et al., [@B17],[@B18]). Burst stimulation had similar effects as tonic stimulation in patients with pure tone tinnitus but was superior in patients with noise-like tinnitus. It was hypothesized that pure tone tinnitus may be due to increased neuronal activity in the classical (lemniscal) tonotopically organized auditory pathways, which mainly fire tonically, whereas noise-like tinnitus may be the result of increased activity in the non-classical (extralemniscal) non- (or less) tonotopically organized auditory pathways, characterized by burst firing (Hu et al., [@B52]; De Ridder et al., [@B28]).

Even if single studies indicate some relationship between specific tinnitus characteristics, stimulation parameters, and behavioral effects, available data are by far not sufficient to draw firm conclusions about such relationships. An unspecific effect by the acoustic artifact can be largely excluded since practically all studies controlled for this confounding factor, e.g., by using a sham coil that produces the same sound like the real coil. In contrast the involvement of peripheral stimulation of somatosensory afferents cannot be entirely excluded. Comparison of rTMS effects and effects of transcutaneous electrical stimulation (TENS) at the neck in the same patient group demonstrate a relationship between response to these two interventions which might serve as a hint for either the involvement of unspecific effects or for the involvement of peripheral somatosensory nerve structures in the mediation of the rTMS effect. However, these peripheral or unspecific effects do not explain the entire rTMS effect (Vanneste et al., [@B143]).

In summary the available data provide evidence that interference with temporal or temporoparietal cortex by single sessions of rTMS have a transient effect on the tinnitus percept in about half of the stimulated patients.

#### Repeated sessions of rTMS

In 21 studies with a total of over 600 participants the effects of repeated sessions of rTMS over temporal or temporoparietal areas have been investigated (Table [2](#T2){ref-type="table"}). Among these studies 10 randomized placebo-controlled trials with 234 participants are counted. Most rTMS treatment studies applied low-frequency rTMS in long trains of 1200--2000 pulses repeatedly over 5--10 days. Repeated sessions of rTMS were first investigated in a placebo-controlled cross-over study with 14 participants. The site of maximum activation in the auditory cortex was determined by \[^18^F\]deoxyglucose (FDG) PET and a neuronavigational system was used for exact placement of the TMS coil over this area (Kleinjung et al., [@B60]). After active treatment the participants experienced a significant decrease in their tinnitus reflected by the score of the tinnitus questionnaire, whereas sham treatment showed no effect. Treatment effects were still detectable 6 months after treatment. Another study concerned the effects of 2 weeks of rTMS applied over the cortical area where lidocaine-induced activity change was largest as determined by \[^15^O\]H~2~O PET (Plewnia et al., [@B119]). This approach also resulted in moderate but significant effects after active stimulation. Placing the coil over the left temporal area according to the 10--20 EEG coordinate systems (Langguth et al., [@B74]) also resulted in a significant reduction of tinnitus severity after 10 sessions of 1 Hz rTMS. Beneficial effects of low-frequency rTMS have been confirmed by many (Rossi et al., [@B126]; Smith et al., [@B138]; Khedr et al., [@B57], [@B56]; Anders et al., [@B3]; Marcondes et al., [@B92]; Chung et al., [@B14]; Mennemeier et al., [@B97]) but not by all controlled studies (Piccirillo et al., [@B114]). Unspecific effects can largely be excluded since all mentioned studies controlled for the acoustic artifact by using a sham condition and in two recent studies the control condition even involved additional electrical superficial nerve stimulation (Rossi et al., [@B126]; Mennemeier et al., [@B97]). The degree of improvement and the duration of treatment effects varied across the studies. This may be due to differences in study design, outcome variables, stimulation parameters, selection criteria of the participants, and the stimulation target. In this context it should be mentioned that the exact cortical region in which temporal rTMS exerts clinical effects in tinnitus patients is still a matter of debate (Langguth et al., [@B75]). It has been argued that the primary auditory cortex is difficult to reach by TMS since it is located far from the brain surface in the Sylvian fissure in lateromedial direction. Furthermore, following the tonotopic organization of the primary auditory cortex the representation of low frequencies is located more lateral whereas the representation of high frequencies resides more medial. Thus one would expect better outcomes in patients with low-frequent tinnitus since the related abnormalities in the auditory cortex are expected to be more lateral and should therefore be better reached by rTMS. However such a relationship could not be demonstrated (Frank et al., [@B39]). It has been proposed that rTMS might exert direct effects on the superficial secondary auditory cortex which then further propagate to the primary auditory cortex, analogously to what has been described for electrical stimulation of the secondary auditory cortex in tinnitus (De Ridder et al., [@B21]).

###### 

**Effects of repeated sessions of rTMS in tinnitus patients**.

  Authors                         *N*   Stimulation site                                                                                    Coil positioning                                                          Frequency                Intensity                        sessions   Pulses/session     Design                                                                               Control condition                                          Results
  ------------------------------- ----- --------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------- ------------------------ -------------------------------- ---------- ------------------ ------------------------------------------------------------------------------------ ---------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Kleinjung et al. ([@B60])       14    Area of maximum PET activation in the temporal cortex, (12 left, 2 right)                           Neuronavigational system, based on FDG-PET                                1 Hz,                    110% MT                          5          2000               Sham-controlled, cross-over                                                          Sham coil                                                  Significant reduction of tinnitus after active rTMS as compared to sham rTMS; lasting tinnitus reduction (6 months)
  Langguth et al. ([@B73])        28    Left auditory cortex                                                                                10--20 EEG system                                                         1 Hz                     110% MT                          10         2000               open                                                                                 No control condition                                       Significant reduction of tinnitus until end of follow-up (3 months)
  Plewnia et al. ([@B118])        6     Area of maximum tinnitus-related PET activation (temporoparietal cortex; three left, three right)   Neuronavigational system, based on H~2~O PET with and without Lidocaine   1 Hz                     120% MT                          10         1800               Sham-controlled, cross-over                                                          Occipital cortex                                           Significant reduction of tinnitus after active rTMS, as compared to the control condition; no lasting effects
  Kleinjung et al. ([@B64])       45    Left auditory cortex                                                                                Neuronavigational system, based on structural MRI                         1 Hz                     110% MT                          10         2000               open                                                                                 No control condition                                       Significant tinnitus reduction after rTMS, lasting up during follow-up period (3 months) responders were characterized by shorter tinnitus duration and less hearing impairment
  Rossi et al. ([@B126])          16    Left secondary auditory cortex                                                                      Eight patients: neuronavigational system                                  1 Hz                     120% MT                          5          1200               Sham-controlled, cross-over                                                          Coil angulation + electrical stimulation of facial nerve   Significant reduction of tinnitus after active rTMS, as compared to the control condition, no lasting effects
                                        Eight patients: according to 10--20 EEG system, halfway between T3 and C3/T5                                                                                                                                                                                                                                                                                                                                          
  Smith et al. ([@B138])          4     Area of maximal PET activation in the temporal cortex, neuronavigational system                     Neuronavigational system, based on FDG-PET                                1 Hz                     110% MT                          5          1800               Sham-controlled, cross-over                                                          Coil angulation                                            Modest response to active treatment in three patients (75%)
  Khedr et al. ([@B57], [@B58])   66    Left temporoparietal cortex                                                                         10--20 EEG system                                                         1, 10, 25 Hz             100% MT                          10         1500               Sham-controlled, parallel group design                                               Occipital cortex                                           Significant reduction of tinnitus after all three active rTMS conditions, as compared to the control condition; tinnitus reduction lasting during follow-up period (4 and 12 months)
  Langguth et al. ([@B76])        32    Left auditory cortex                                                                                Neuronavigational system, based on structural MRI                         1, 6 + 1 Hz              110% MT (90% MT for 6 Hz rTMS)   10         2000               Two active treatment conditions, parallel group design                               No sham control condition                                  Significant improvement for both stimulation conditions, no difference between conditions, no lasting effects
  Lee et al. ([@B83])             8     Left temporoparietal cortex                                                                         10--20 EEG system                                                         0.5 Hz                   100% MT                          5          600                Open study                                                                           No control condition                                       No significant reduction of tinnitus
  Kleinjung et al. ([@B59])       32    Left auditory cortex; left dorsolateral prefrontal cortex                                           Neuronavigational system, based on structural MRI                         1, 20 (DLPFC) + 1 Hz     110% MT                          10         2000               Two active treatment conditions, parallel group design                               No sham control condition                                  Directly after stimulation significant improvement for both stimulation conditions, at 3 months follow-up significantly better results for the combined frontal and temporal stimulation
  Kleinjung et al. ([@B62])       32    Left auditory cortex                                                                                Neuronavigational system, based on structural MRI                         1 Hz, 1 Hz + Levodopa    110% MT                          10         2000               Two active treatment conditions, parallel group design                               No sham control condition                                  Significant improvement for both stimulation conditions, no difference between conditions, no lasting effects
  Marcondes et al. ([@B92])       19    Left temporoparietal cortex                                                                         10--20 EEG system                                                         1 Hz,                    110% MT                          5          1020               Randomized sham controlled, parallel group design                                    Sham coil                                                  Significant improvement after active rTMS but not after sham rTMS, beneficial treatment effects still detectable at 6 months follow-up
  Khedr et al. ([@B56])           62    Temporoparietal cortex                                                                              10--20 EEG system                                                         1, 25 Hz                                                                                Randomization between 1 and 25 Hz and between ipsil- and contralateral stimulation   No sham control condition                                  Significant improvement for the whole group. Stimulation contralateral to perceived tinnitus significantly more efficient than ipsilateral stimulation; No significant difference between 1 and 25 Hz
  Anders et al. ([@B3])           52    Left temporal cortex                                                                                10--20 EEG system                                                         1 Hz                     110% MT                          10         1500               Randomized sham controlled, parallel group design                                    Coil angulation                                            Significant reduction in TQ and THI scores in the active treated group compared to the sham group in the follow-up period (2--26 weeks)
  Frank et al. ([@B39])           194   Left temporal cortex                                                                                10--20 EEG system or neuronavigated                                       1 Hz                     110% MT                          10         2000               Retrospective analysis                                                               No control condition                                       Reduction of the TQ score for the whole group; better effects in patients with left-sided or bilateral tinnitus
  Mennemeier et al. ([@B97])      21    Temporal or temporoparietal cortex                                                                  Neuronavigated based on FDG PET findings                                  1 Hz                     110% MT                          5          1800               Randomized sham-controlled cross-over trial                                          Sham coil with electrical stimulation                      Visual analog scale ratings of tinnitus loudness decreased after active, but not sham treatment; 43% of patients had at least 33% loudness reduction; tinnitus reduction was not reflected by reduction of PET activation in the stimulated brain area
  Piccirillo et al. ([@B114])     14    Temporoparietal cortex                                                                              10--20 EEG system or neuronavigated                                       1 Hz                     110% MT                          10         2000               Double-blind randomized sham-controlled cross-over trial                             Sham coil system                                           THI score reductions after both sham and active rTMS; no difference between groups
  Kleinjung et al. ([@B61])       18    Left temporal cortex                                                                                10--20 EEG system or neuronavigated                                       1 Hz + bupropion         110% MT                          10         2000               Comparison with historical control group                                             No control condition                                       TQ score reduction for the whole group, no enhancing effect of bupropion
  Chung et al. ([@B14])           22    Left temporal cortex                                                                                Neuronavigated                                                            Continuous theta burst   80% MT                           10         900 (300 bursts)   Randomized sham controlled, parallel group design                                    Sham coil system                                           Significant reductions of TQ and THI scores in the actively treated group compared to sham treatment, reduction of tinnitus loudness match after active rTMS
  Kreuzer et al. ([@B68])         56    Left temporal cortex; right dorsolateral prefrontal cortex                                          10--20 EEG system                                                         1 Hz                     110% MT                          10         2000               Two active treatment conditions, parallel group design                               No sham control condition                                  TQ reduction in both groups immediately after stimulation, in the combined stimulated group tendency toward higher efficacy

*MT, Motor threshold*.

In summary most studies investigating rTMS over temporal or temporoparietal cortical areas found a statistically significant reduction of tinnitus complaints. However, the available data do not provide a hint for superiority of specific stimulation paradigms or stimulation targets. Since most studies assessed treatment effects only by questionnaires which do not differentiate between changes in tinnitus loudness and tinnitus annoyance it is also not clear whether rTMS reduces primarily tinnitus loudness, tinnitus annoyance, or both.

#### Neuronal correlates of rTMS effects on tinnitus

The above mentioned studies which assessed the behavioral effect of rTMS over auditory brain areas on tinnitus perception could demonstrate that interfering with neuronal activity in these areas results in a reduction in tinnitus perception. However, they do not provide information about which neuronal changes are related to these perceptual changes. Such information can be obtained by performing neuroimaging studies before and after brain stimulation. The observed changes of neuronal activity can be related to the behavioral changes and differentiate (1) between state and trait related changes and (2) between neuronal alterations in tinnitus patients that are really causally relevant for tinnitus, unrelated to tinnitus, or even represent a beneficial compensatory mechanism.

Moreover the identification of neuronal mechanisms of rTMS induced tinnitus reduction is essential for developing optimization strategies for rTMS treatment (Kleinjung and Langguth, [@B63]). Unfortunately the number of studies investigating neuronal correlates of rTMS treatment is still relatively limited.

In one study voxel based morphometry and auditory evoked potentials were used to investigate the effects of TMS over the auditory cortex in healthy controls. An increase in the N2--P2 amplitude was found after active rTMS and transient structural alterations in the temporal cortex and in the thalamus (May et al., [@B93]). No comparison with behavioral effects can be made, since the study was performed in healthy controls, in which no behavioral changes were observed. Nevertheless the results indicate that structural changes are not automatically a trait marker, but could also serve as a state marker, since they can be induced by 1 week of rTMS. The observed changes in the thalamus and the stimulated cortical area were interpreted as a hint for an influence of rTMS on thalamocortical processing. This interpretation has been further supported by electrophysiologic studies both in healthy controls (Eichhammer et al., [@B35]) and in tinnitus patients (Langguth et al., [@B76]) before and after stimulation. By investigating motor cortex excitability it has been shown that the cortical silent period, a marker for inhibitory thalamic function, increased after stimulation (Eichhammer et al., [@B35]) and that this increase was related to improvement of tinnitus (Langguth et al., [@B76]).

One study used single photon emission computed tomography (SPECT) for exploring neuronal changes induced by five sessions of left temporoparietal low-frequency (1 Hz) rTMS (Marcondes et al., [@B92]). Comparison of SPECT data before and 2 weeks after active rTMS revealed no change in the directly stimulated area, but reduction of neuronal activity in both the left and the right temporal lobe and increased activity in the right uncus and the right cingulate gyrus. In contrast, sham rTMS resulted in increased activity in the left temporal lobe, the cingulated gyrus bilaterally, and in the right insula.

In a recent study FDG-PET scans were performed before and after five sessions of active and sham rTMS (Mennemeier et al., [@B97]). The site most consistently associated with a positive response was the secondary auditory cortex either hemisphere. Whereas PET activity decreased significantly beneath the stimulating coil following active treatment, similar changes occurred at control sites and after sham stimulation. Moreover no relationship between the treatment related change of metabolic activation of the auditory cortex and clinical effects could be detected, indicating that FDG-PET does not represent a sensitive method for identifying the neuronal correlates of rTMS induced tinnitus reduction and probably also not useful for defining the stimulation target (Mennemeier et al., [@B97]).

Another recent study used MEG to record auditory evoked potentials of three different tones before and after five different stimulation protocols in patients with tinnitus (1 Hz, stimulation at the individual alpha frequency, continuous theta burst, intermittent theta burst, sham; Lorenz et al., [@B91]). An important finding was that the effect of the different protocols varied from patient to patient. On average, the 1-Hz protocol revealed the most pronounced tinnitus reduction, but in individual patients other protocols turned out to be more efficient. The most consistent electrophysiological finding was a significant reduction of the auditory steady-state response (aSSR) after rTMS, indicating significant changes of neuronal activity in the directly stimulated auditory cortex ipsilateral to the coil placement. The reduction of the aSSR also correlated significantly with the perceived reduction of tinnitus loudness. Interestingly a similar relationship has been observed in a study where tinnitus reduction was achieved by a specific auditory stimulation (Okamoto et al., [@B112]). Importantly, the reduction of the aSSR was not related to the TMS intervention, but to the reduction of tinnitus induced by TMS.

The rTMS effect on the N1 depended on the frequency of the tone for which the auditory evoked response was assessed with inverse effects for low and high-frequency tones. Different explanations may account for this frequency-specific effect. First the cortical representations of the tested high-, middle-, and low-frequency tones have different localizations in the auditory cortex and may as such be reached by TMS differently. A second explanation may relate to the dependency of rTMS effects on the activity of the stimulated cortical area. Animal models of tinnitus have demonstrated differential effects of noise trauma induced tinnitus on auditory cortex excitability. Excitability in the deafferentiated area is characterized by reduced inhibitory function, whereas the normal hearing region exhibits increased inhibitory and excitatory transmission (Yang et al., [@B155]). Thus the differential effects of rTMS on the N1 of the different tones may reflect differential TMS effects due to differences in the excitability state of different areas in the auditory cortex of tinnitus patients.

Resting state measurements before and after the different rTMS protocols revealed a correlation between tinnitus reduction and reduction of gamma activity and increase in alpha activity (Müller et al., submitted). Similar like for the aSSR measurements these effects were only observed when rTMS resulted in a reduction of tinnitus loudness.

Thus in summary there are only few studies that assessed TMS effects over the auditory cortex on both behavioral and neuronal level. Available data suggest, that rTMS modulates thalamocortical activity and that the neuronal effects are rather related to the behavioral effects of rTMS than to the rTMS protocol itself. Thus the same rTMS protocol can have different effects on the neuronal activity of a stimulated patient. However if rTMS is able to induce specific effects on neuronal activity, this is accompanied by a reduction in tinnitus loudness.

### Transcranial direct current stimulation

Based on findings of increased neuronal activity in the auditory cortex of tinnitus patients tDCS over the left temporoparietal cortex has been investigated by two studies involving relatively small sample sizes (*N* = 7, Fregni et al., [@B40] and *N* = 20, Garin et al., [@B43]). In both studies single sessions of anodal tDCS applied over the left temporoparietal area and with the cathode placed contralateral over the supraorbital area resulted in a transient reduction of tinnitus, whereas no effect was found from a single session of cathodal tDCS applied over the left temporoparietal area. These findings are remarkable since anodal tDCS is assumed to increase cortical excitability. In some patients these effects lasted for several days (Garin et al., [@B43]). No studies with repeated applications of tDCS over auditory brain areas have been performed and there are also no data available that provide information about neuronal effects of temporal tDCS in tinnitus patients.

### Stimulation of the auditory cortex with implanted electrodes

Neuronal activity in the auditory cortex can be also modified by direct electrical stimulation via implanted electrodes. In contrast to rTMS which can only be applied for a limited amount of time electrical stimulation via implanted electrodes can be performed permanently.

#### Clinical effects of stimulation of the auditory cortex with implanted electrodes

The largest sample derives from the TRI Tinnitus Clinic in Antwerp, Belgium, where 43 patients with severe treatment resistant tinnitus were implanted with a cortical electrode overlying the secondary auditory cortex (De Ridder et al., [@B24]). Patients were only eligible to implantation when TMS over the auditory cortex resulted in a placebo-controlled suppression of the tinnitus on two separate occasions. Although all patients reacted to TMS, one out of three patients did not respond to the cortical stimulation after implantation. Among the responders to cortical stimulation there was an average decrease in the perceived tinnitus loudness of 51.3%. There was a significant but weak positive correlation (*r* = 0.34, *p* \< 0.05) between the amount of the suppression effect from the preceding test TMS and cortical stimulation after implantation (De Ridder et al., [@B24]).

With respect to epidural stimulation protocols, it has been observed that burst stimulation (five stimuli of 1 ms pulse width, 1 ms interpulse interval delivered at 500 Hz, 40 times a second) is more efficient than tonic stimulation. With tonic stimulation only one in three patients responded to stimulation. With burst stimulation half of the non-responding patients did benefit, resulting in a total response rate of two out of three patients. Burst stimulation was specifically superior to tonic stimulation for suppressing noise-like tinnitus (De Ridder et al., [@B24]). Furthermore, treatment effects depended on tinnitus type. Pure tone tinnitus can be suppressed better than narrow band noise or the combination of pure tone and narrow band noise, and unilateral tinnitus better than bilateral tinnitus. This approach has been replicated by other centers. A French study obtained long-lasting 65% tinnitus reduction in a woman using a fMRI based extradural auditory cortex implant (Litre et al., [@B86], [@B85]). Another study of eight patients using a similar technique but different hardware found no permanent tinnitus suppression (Friedland et al., [@B42]). In six out of the eight patients, temporary effects on tinnitus perception were observed. However, tinnitus distress decreased slowly over time, even without suppression of tinnitus intensity. This may be related to the fact that an electrode with only two contacts was used which limits the way the electrodes can be programmed. The finding of decreased tinnitus distress with unchanged tinnitus intensity could possibly be explained by disruption of phase synchronization between the "general distress network" and the tinnitus-related activity in the auditory cortex (De Ridder et al., [@B26]). Since the reduction of tinnitus distress in that study (Friedland et al., [@B42]) occurred slowly during the follow-up period, which was not anymore sham controlled non-specific effects cannot be ruled as well. Intracortical microstimulation in the auditory cortex of animals not only disrupts local ongoing activity but also affects long-range connections in a larger network (Deliano et al., [@B31]), which is similar to findings in humans using TMS of the auditory cortex (Langguth et al., [@B76]; May et al., [@B93]).

In four patients an intradural electrode on the primary auditory cortex was inserted in the Sylvian fissure, stimulating gray matter of the primary auditory cortex (De Ridder et al., [@B21], [@B19]). In two patients the purpose was to obtain stabilization of tinnitus suppression, because the stimulus parameters had to be reprogrammed every 2--3 days. In both patients the intradural positioning resulted in a stabilized suppression of their tinnitus. However, in the two patients who did not respond at all to epidural stimulation the intradural extracerebral stimulation was not beneficial either.

Also wire electrodes have been inserted in the primary auditory cortex, with comparable results (De Ridder et al., [@B15]; Seidman et al., [@B135]).

#### Neuronal effects of stimulation of the auditory cortex with implanted electrodes

MEG during electrical stimulation of the auditory cortex revealed that the electrical stimulation increased spectral correlation across low and high gamma band activity and between alpha and beta activity, whereas delta/theta activity decreased, suggesting that auditory cortex stimulation affects thalamocortical dysrhythmia (Ramirez et al., [@B121]). This has been confirmed by recordings from electrodes overlying the secondary auditory cortex. Maximal tinnitus suppression was obtained by current delivery exactly at the BOLD spot, identified by tinnitus-matched sound presentation during fMRI. Recordings from this electrode revealed increased gamma and theta activity in contrast to the other electrode poles. These spectral changes normalize when stimulation induces tinnitus suppression, both on electrode and source localized EEG recordings (De Ridder et al., [@B23]). Furthermore, only at the BOLD area autocorrelations showed theta--gamma coupling. These findings are in line with the hypothesis that changes in the theta- and gamma-frequency band may be causally related to a conscious auditory phantom percept as proposed by the model of thalamocortical dysrhythmia (Llinas et al., [@B87]; De Ridder et al., [@B23]). Thus in summary EEG, MEG, and recordings from the implanted electrode support the notion that electrical stimulation reduces tinnitus perception by interfering with the abnormal thalamocortical dysrhythmia embedded in a larger tinnitus network.

Electrical stimulation of the auditory cortex has also been investigated in animal experiments where it significantly suppressed behavioral evidence of noise induced tinnitus and enhanced hearing detection (Zhang et al., [@B156]). In contrast auditory cortex stimulation did not induce behavioral changes in animals that did not manifest any behavioral evidence of tinnitus following the same noise exposure. These results have been interpreted in the sense that electrical stimulation of the auditory cortex may involve restoration of abnormal central auditory processing (Zhang et al., [@B156]).

The Relevance of Non-Auditory Brain Areas for Tinnitus
======================================================

It is assumed that the activation in the auditory system is necessary but not sufficient for causing an auditory percept. Activation in the auditory system only becomes conscious if it is synchronously connected to larger co-activated "awareness" and "salience" brain networks consisting of the inferior parietal cortex, the dorsolateral prefrontal cortex, the anterior cingulated cortex (ACC), anterior insula, and the posterior cingulate cortex (PCC). Thus analogous to the global workspace model elaborated for the visual system (Dehaene et al., [@B30]; Baars and Franklin, [@B7]) and recently extended to the auditory system (Bekinschtein et al., [@B9]; Pegado et al., [@B113]), the function of the primary sensory cortices may be mainly to generate an appropriate neural discriminatory representation of the sensory input, but tinnitus only becomes conscious when activity in the auditory cortex becomes functionally connected to a network of higher order brain areas (De Ridder et al., [@B22]; see Figure [1](#F1){ref-type="fig"}). This is in line with the neuroimaging literature that demonstrates involvement of both auditory and non-auditory areas in tinnitus (for an overview see Table [3](#T3){ref-type="table"}; Adjamian et al., [@B1]; Lanting et al., [@B80]). Tinnitus-related neural networks overlap with brain regions involved in attention (Doesburg et al., [@B32]) to and processing of normal sounds, and in auditory memory (Schulze et al., [@B134]), including the primary and secondary auditory cortex, the anterior cingulate, the dorsolateral prefrontal, and the parietal cortex. Tinnitus-related brain activity also overlaps with brain areas activated by aversive sound stimulation (Mirz et al., [@B101]), those related to the reward and emotional system, such as nucleus accumbens, insula, and amygdala and to the hippocampal area related to memory (Langguth et al., [@B77]).

![**Brain networks involved in tinnitus**. Auditory deafferentation causes neuroplastic changes resulting in increased activation of the primary auditory cortex (green). Awareness of the stimulus arises when this activity is connected to a larger co-activated awareness or perceptual network. This perceptual network involves anterior and posterior cingulate cortex, precuneus, parietal cortex, and frontal cortex (blue). As a consequence of a constant learning process, the phantom percept becomes associated to distress, which is reflected by a non-specific distress network consisting of the anterior cingulate cortex, anterior insula, and amygdala (red). The persistence of the phantom percept is due to memory mechanisms involving the parahippocampal area, amygdala, and hippocampus (gray; modified from De Ridder et al., [@B22]).](fnsys-06-00015-g001){#F1}

###### 

**Functional imaging studies in individuals with tinnitus: synopsis of results**.

  Area                        Individuals with tinnitus compared to controls   Individuals with tinnitus: changes in tinnitus, induced by                                                                                                                                      
  --------------------------- ------------------------------------------------ -------------------------------------------------------------------------------------------------------------------- ------------------------------------- ------------------------------------ -------------------------------------------
  Primary auditory cortex     [↑](#tfn1){ref-type="table-fn"}^1,2,3^           [↑](#tfn1){ref-type="table-fn"}^4,6,17^ [**A**](#tfn4){ref-type="table-fn"}^12,13^                                   [↕](#tfn3){ref-type="table-fn"}^4^                                         
  Secondary auditory cortex                                                    [**A**](#tfn4){ref-type="table-fn"}^12,13^                                                                                                                                                      
  Auditory assoc. cortex                                                                                                                                                                            [↕](#tfn3){ref-type="table-fn"}^4^    [↕](#tfn3){ref-type="table-fn"}^5^   [↕](#tfn3){ref-type="table-fn"}^6,7,9,10^
  Thalamus                                                                     [**A**](#tfn4){ref-type="table-fn"}^13^                                                                              [↕](#tfn3){ref-type="table-fn"}^4^                                         
  Inferior colliculus                                                          [↑](#tfn1){ref-type="table-fn"}^14,15^ [↓](#tfn2){ref-type="table-fn"}^11^ [**A**](#tfn4){ref-type="table-fn"}^13^                                                                              
  Auditory brainstem                                                                                                                                                                                [↕](#tfn3){ref-type="table-fn"}^16^   [↕](#tfn3){ref-type="table-fn"}^8^   
  Limbic system                                                                [↑](#tfn1){ref-type="table-fn"}^4,\ 18^                                                                                                                                                         [↕](#tfn3){ref-type="table-fn"}^7,10^
  Frontal lobe                                                                                                                                                                                                                                                                 [↕](#tfn3){ref-type="table-fn"}^6,7^

*↑, increased asymmetry of FDG uptake*.

*↓, increased response to sound: reduced response to sound*.

*↕, increased and reduced rCBF corresponding to increased and reduced tinnitus*.

***A**, abnormal assymetry*.

*Studies: FDG-PET: ^1^Arnold et al. ([@B4]), ^2^Wang et al. ([@B150]), ^3^Langguth et al. ([@B73]); H~2~0-PET: ^4^Lockwood et al. ([@B88]), ^5^Giraud et al. ([@B45]), ^6^Mirz et al. ([@B102]), ^7^Mirz et al. ([@B101]), ^8^Lockwood et al. ([@B89]), ^9^Reyes et al. ([@B123]), ^10^Plewnia et al. ([@B118]); fMRI: ^11^Melcher et al. ([@B96]), ^12^Kovacs et al. ([@B66]), ^13^Smits et al. ([@B139]), ^14^Lanting et al. ([@B78]), ^15^Melcher et al. ([@B95]), ^16^Lanting et al. ([@B79]), ^17^Gu et al. ([@B47]), ^18^Leaver et al. ([@B82])*.

Tinnitus distress may then be reflected by a simultaneously co-activated distress network consisting of the anterior cingulate cortex, anterior insula, and amygdale (De Ridder et al., [@B20], [@B27]; Schlee et al., [@B132]; Vanneste et al., [@B148]). This distress network is non-specific and is similarly activated in chronic pain or somatoform disorders (Landgrebe et al., [@B70]). An oversensitivity of this network as consequence of sensory discrimination impairment has been proposed as an additional factor in the pathogenesis of tinnitus (Landgrebe et al., [@B71]).

Memory mechanisms may play a role in the persistence of the awareness of the phantom percept as well as in the reinforcement of the associated distress. Hippocampal involvement has been documented in animal models of tinnitus (Goble et al., [@B46]; Kraus et al., [@B67]) as well as by neuroimaging (Landgrebe et al., [@B72]; Vanneste et al., [@B145]). Accordingly, invasive supraselective amytal injection in the anterior choroidal artery, supplying the amygdalohippocampal area, resulted in transient reduction of the pure tone component of the contralateral tinnitus loudness (De Ridder et al., [@B20]). There is an important mutual interaction between the different involved networks which may be relevant for the maintenance of tinnitus even after disappearance of the initial trigger. As an example, it has been proposed that tinnitus may be the result of a deficient sensory attentional gating mechanism originating in the subgenual cingulate cortex/nucleus accumbens area and acting on the reticular thalamic nucleus thereby modulating thalamocortical processing in the auditory system (Rauschecker et al., [@B122]).

Pilot data suggest that the generators involved in tinnitus of recent onset seem to change over time with increased activity in several brain areas \[auditory cortex, supplementary motor area, and dorsal anterior cingulate cortex (dACC) plus insula\], associated with changes in connectivity between the different auditory and non-auditory brain structures. This is so both for EEG recordings (Vanneste et al., [@B146]) and MEG recordings (Schlee et al., [@B133]). The MEG study looking at phase-locked connectivity in the tinnitus network found that in patients with a tinnitus history of less than 4 years, the left temporal cortex is predominant in the gamma band network, whereas this network is more widely distributed, including more frontal and parietal regions, in patients with tinnitus duration of more than 4 years (Schlee et al., [@B133]). The EEG study demonstrates a decrease of overall connectivity with increasing tinnitus duration (Vanneste et al., [@B146]). An exception to this general connectivity decrease is an increase in gamma-band connectivity between the left primary and secondary auditory cortex and the left insula, and also between the auditory cortices and the right dorsolateral prefrontal cortex. These networks are both connected to the left parahippocampal area (Vanneste et al., [@B146]). Thus both studies find that acute and chronic tinnitus are related to differential activity and connectivity in a network comprising the auditory cortices, insula, dACC, and premotor cortex. A recent FDG-PET study confirmed that the relative contribution of the different brain networks depends on tinnitus characteristics such as tinnitus distress or tinnitus duration (Schecklmann et al., [@B130]). Thus, in summary the functional neuroimaging literature converges in the finding that tinnitus is related to functional and structural alterations in auditory and non-auditory brain areas involving an architecture of interacting and separable tinnitus-related subnetworks (De Ridder et al., [@B22]; see Figure [1](#F1){ref-type="fig"}).

Modulation of non-auditory brain areas
--------------------------------------

Findings of the involvement of non-auditory areas in tinnitus are limited by the correlational approach of neuroimaging which cannot inform about the real relevance of the observed alterations. Hypotheses about a causal relation can be tested by interfering with the activity in the various identified brain areas and investigating changes in tinnitus perception or annoyance. Compared to the stimulation of auditory areas much less data are available.

### Effects of rTMS of non-auditory brain areas

The effects of rTMS over the dorsolateral prefrontal cortex (DLPFC), the dorsal anterior cingulated cortex (dACC), the ventrolateral prefrontal cortex (VLPFC), and the intraparietal sulcus (IPS) have been investigated. Results are summarized in Table [4](#T4){ref-type="table"} (single sessions) and Table [5](#T5){ref-type="table"} (repeated sessions). All mentioned studies only investigated behavioral effects of stimulation. Thus there is no information available about the neuronal changes underlying the reported behavioral changes in tinnitus patients.

###### 

**Effects of single sessions of rTMS over non-auditory brain areas**.

  Authors                     *N*                      Stimulation site              Coil positioning                                                                      Frequency            Intensity                          Pulses/session   Control condition   Results
  --------------------------- ------------------------ ----------------------------- ------------------------------------------------------------------------------------- -------------------- ---------------------------------- ---------------- ------------------- ---------------------------------------------------------------------------------------------------------------------------------------------
  Vanneste (submitted)        62                       Right DLPFC                   10--20 EEG system                                                                     11 Hz                90% MT                             200              Coil angulation     Significant VAS reduction/10% reduction for group, 35% for responders. 56% of patients respond
  Vanneste et al. ([@B144])   78                       Bifrontal targeting dACC      Anatomical landmarks: 1.5 cm anterior to 1/3 of the distance from the nasion- inion   1, 3, 5, 10, 20 Hz   50% machine output                 200              Coil angulation     52 placebo-negative (21 non-responders, 31 responders): 1&3 Hz significantly better than sham, 5Hz equal to sham, 10&20 Hz worse than sham.
  Vanneste (submitted)        60                       Left VLPFC                    Anatomical landmarks                                                                  1 and 10 Hz          90% MT                             200              Coil angulation     Only 10 Hz better than sham. 35 placebo negative. 22% improvement for group, 37% for responders.
  Vanneste (submitted)        64 (40 + 24)             Bilateral IPS (40 patients)   Anatomical landmarks                                                                  1, 5, 10 Hz          50% of maximal stimulator output   200              Coil angulation     Only 5&10 Hz significant for bilateral IPS: 9% improvement.
                              Left IPS (24 patients)                                                                                                                                                                                                                    Only 10 Hz significant for left IPS: 10% improvement

###### 

**Effects of repeated sessions of rTMS over non-auditory brain areas**.

  Authors                     *N*   Stimulation site                                             Coil positioning                                    Frequency                    Intensity   sessions   Pulses/session   Design                                                   Control condition           Results
  --------------------------- ----- ------------------------------------------------------------ --------------------------------------------------- ---------------------------- ----------- ---------- ---------------- -------------------------------------------------------- --------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Kleinjung et al. ([@B59])   32    Left auditory cortex; left dorsolateral prefrontal cortex    neuronavigational system, based on structural MRI   1 Hz, 20 Hz (DLPFC) + 1 Hz   110%MT      10         2000             Two active treatment conditions, parallel group design   No sham control condition   Directly after stimulation significant improvement for both stimulation conditions, at 3 months follow-up significantly better results for the combined frontal and temporal stimulation
  Kreuzer et al., [@B68]      56    Left temporal cortex; right dorsolateral prefrontal cortex   10--20 EEg system                                   1 Hz                         110%MT      10         2000             Two active treatment conditions, parallel group design   No sham control condition   TQ reduction in both groups immediately after stimulation, in the combined stimulated group tendency toward higher efficacy

#### Single sessions of rTMS over the dorsolateral prefrontal cortex (DLPFC)

As mentioned, activity in the auditory cortex has to be linked to other "global workspace" areas such as the dorsolateral prefrontal cortex (DLPFC) in order to gain access to consciousness. The DLPFC seems to play a specific role in auditory processing. The DLPFC has a bilateral facilitatory effect on auditory memory storage and contains auditory memory cells (Bodner et al., [@B10]). The DLPFC also exerts early inhibitory modulation of input to primary auditory cortex in humans (Knight et al., [@B65]) and has been found to be associated with auditory attention (Alain et al., [@B2]; Voisin et al., [@B149]) resulting in top-down modulation of auditory processing (Mitchell et al., [@B103]). In order to test the involvement of the DLPFC in tinnitus it has been investigated whether rTMS of the DLPFC results in tinnitus suppression. In this study in 62 patients 1 Hz rTMS (200 pulses) over the right DLPFC resulted in a significant reduction of tinnitus loudness as compared to sham stimulation (Vanneste et al., unpublished data; Table [4](#T4){ref-type="table"}). These data enlarge the knowledge from imaging studies by indicating the critical involvement of the right DLPFC in the pathophysiology of a subgroup of tinnitus patients.

#### Repeated sessions of rTMS with combined stimulation over the DLPFC and the temporal cortex

There is no published study reporting results from repeated sessions of rTMS of the DLPFC alone. However both high-frequency left rTMS and low-frequency right rTMS over the DLPFC have been combined with low-frequency rTMS over the left temporal cortex (Table [5](#T5){ref-type="table"}). It has also been shown that left DLPFC stimulation followed by auditory cortex TMS results in better tinnitus suppression after 3 months than isolated auditory cortex stimulation (Kleinjung et al., [@B59]). These results could be confirmed in a large controlled trial (Langguth et al., submitted) and in a retrospective analysis of 47 patients who were treated with the combined protocol as compared to 188 patients who were stimulated only over the left temporal cortex only (Burger et al., [@B12]). In a recent study left temporal stimulation combined with low-frequency rTMS over the right DLPFC showed also a trend toward more pronounced effects as compared to temporal stimulation alone (Kreuzer et al., [@B68]).

#### rTMS of the dorsal anterior cingulated cortex with the double cone coil

Resting state EEG and MEG recordings in tinnitus patients have shown that the dorsal part of the anterior cingulate cortex is involved both in chronification of tinnitus (Schlee et al., [@B133]; Vanneste et al., [@B145]) as well as in tinnitus-related distress (Weisz et al., [@B153]; Vanneste et al., [@B148]; De Ridder et al., [@B27]). The use of a double cone coil permits to modulate the activity in the dorsal part of the anterior cingulate cortex as demonstrated by a PET study (Hayward et al., [@B49]). In a study on 78 tinnitus patients it was shown that 1 and 3 Hz of DCC frontal TMS can improve both tinnitus intensity and tinnitus distress, 5 Hz is equal to sham and 20 Hz is significantly worse than sham (Vanneste et al., [@B144]; Table [4](#T4){ref-type="table"}). Of 78 tinnitus patients, 52 had no response to sham stimulation. Of these 52 sham negative participants, 31 patients were TMS responders. For this latter group the mean reduction of the VAS score for tinnitus intensity was 34.38%, for tinnitus-related distress 26%. These findings confirm the relevance of the dACC for tinnitus intensity and distress in a substantial part of the investigated population.

#### TMS of the ventrolateral prefrontal cortex

It has recently been proposed that tinnitus may be a compensatory mechanism related to incongruity emerging from a discrepancy between an expected sound and the perceived sound that is distorted due to cochlear impairment (De Ridder et al., [@B22]). Visual incongruity is known to involve the ventrolateral prefrontal cortex, the anterior cingulate cortex, the supplementary motor area, and the inferior parietal area (Michelon et al., [@B99]). Thus a study was initiated in 60 patients targeting the left VLPFC for tinnitus suppression at 1 and 10 Hz (Vanneste et al., submitted; Table [4](#T4){ref-type="table"}). 1 Hz TMS was no better than sham, but 10 Hz had a significant effect on tinnitus. Among those participants who did not respond to sham 10 Hz over the VLPFC suppressed tinnitus perception in average by 21.9 and by 36.7% when only responders were analyzed. Of interest is the frequency dependent effect for stimulation of the left VLPFC, which is contrary to the DLPFC where only 1 Hz revealed a reduction of tinnitus perception.

#### rTMS of the parietal cortex

The extremely emotional context of disabling tinnitus often leads to a higher level of selective attention directed toward the tinnitus. As such, tinnitus is a continuously distracting auditory event. Auditory attention activates the intrapartietal sulcus (IPS), and modulating the IPS with 10 Hz TMS creates the ability to ignore salient distractors (Mevorach et al., [@B98]). Thus it is expected that modulating the IPS may interfere with the perception of tinnitus. The effect of TMS on tinnitus has recently been evaluated using a double cone coil overlying the left IPS in 24 individuals (study 1) and in 40 individuals with the double cone coil symmetrically overlying both IPS areas (study 2; Vanneste et al., submitted; Table [4](#T4){ref-type="table"}). In study 1 patients reported a significant transient reduction of the tinnitus percept after 10 Hz stimulation in comparison to pre-treatment, sham, and 1 Hz stimulation, respectively, with a suppression effect of 11.36%. No significant effect was obtained for 1 Hz stimulation with the coil tilted toward the left IPS. In study 2 patients revealed a significant suppression effect on 1, 5, and 10 Hz in comparison to pre-treatment. However, only stimulation at 5 and 10 Hz had a significant difference in comparison to sham with a suppression effect of respectively 8.78 and 9.50%. These data suggest that the IPS is involved in tinnitus perception and that 10 Hz TMS using the double cone coil overlying the IPS can modulate tinnitus, predominantly via the left IPS.

### Effects of tDCS of non-auditory brain areas

Several studies have used tDCS to interfere with tinnitus by modulation of activity in the dorsolateral prefrontal cortex (DLPFC; Vanneste et al., [@B147]; Faber et al., [@B36]; Vanneste and De Ridder, [@B141]; Frank et al., [@B38]). In a large study involving 448 individuals with non-pulsatile tinnitus, it was shown that a single session of tDCS with the anode over the right DLPFC and the cathode over the left DLPFC could cause tinnitus suppression in 29.9% of the participants (Vanneste et al., [@B147]). In contrast the opposite stimulation procedure with the cathode over the right DLPFC and the anode over the left DLPFC had no effects in a sample of 30 patients (Vanneste et al., [@B147]). Six repeated bifrontal tDCS sessions within 3 weeks with the cathode over the left DLPFC and the anode over the right DLPFC reduced tinnitus loudness, unpleasantness, and discomfort especially in female tinnitus patients (Frank et al., [@B38]). In a double-blind, placebo-controlled cross-over study 15 subjects with tinnitus were randomly assigned to active and sham anodal tDCS over left (*N* = 8) or right DLPFC (*N* = 7) for six sessions in a counterbalanced order, with the cathode electrode placed on the contralateral DLPFC. Both active conditions, irrespective of the anodal position decreased tinnitus annoyance but not tinnitus intensity. Furthermore, anodal stimulation of the left DLPFC had a significant effect on depression, whereas anodal stimulation of the right DLPFC reduced symptoms of anxiety (Faber et al., [@B36]).

In conclusion, these preliminary studies indicate that both anodal stimulation of the left auditory cortex and bifrontal tDCS with the cathode left and the anode right can have beneficial effects on tinnitus in some individuals. The interindividual variability of treatment effects is high in all studies, suggesting that there may be pathophysiologically distinct forms of tinnitus that respond particularly well to different tDCS protocols (Vanneste et al., [@B144]).

In order to unravel the mechanism by which tDCS suppresses tinnitus EEG measurements were performed before and after single sessions of bifrontal tDCS in 12 patients who responded to tDCS. Reduction of tinnitus intensity and tinnitus-related distress was related to modulation of neuronal activity in pregenual anterior cingulate cortex, parahippocampal area, and right primary auditory cortex regions (Vanneste et al., [@B142]). These findings are comparable to those obtained in healthy controls after a similar tDCS intervention (anode positioned over the left DLPFC and the cathode over the right supraorbital region), that revealed a tDCS induced modulation of regional electrical activity in the left subgenual prefrontal cortex, the anterior cingulate cortex and the left parahippocampus (Keeser et al., [@B55]) and significant changes of regional brain connectivity both for the default mode network and the fronto-parietal network (Keeser et al., [@B54]).

### Effects of direct electric stimulation of non-auditory brain areas

In a few tinnitus patients also implanted electrodes have been used to stimulate non-auditory brain areas. In one patient with intractable tinnitus electrodes have been implanted over the DLPFC (De Ridder et al., [@B25]). Knowledge about the effects of DBS derives from patients who received DBS for movement disorders and suffered from comorbid tinnitus.

#### Effects of epidural electrodes over the DLPFC

In a patient intractable to conservative medical management and TMS of the auditory cortex, a neuronavigation-based auditory fMRI-guided frontal cortex TMS session was performed in a placebo-controlled way, yielding 50% tinnitus suppression. Based on the same concept of epidural auditory cortex stimulation and motor cortex stimulation, this TMS result was used as a predictive indication to implant two extradural electrodes (De Ridder et al., [@B25]). The exact localization was determined by the fMRI--BOLD response in the DLPFC during presentation of a sound that was matched to the individual tinnitus sound. Postoperatively the tinnitus immediately improved by 66.67% and has progressively continued to improve for more than 1 year. The initial VAS of 8/10 has decreased after 1 year to 2/10. This suggests that in selected patients focal extradural electrical stimulation of the dorsolateral prefrontal cortex at the area of tinnitus-matched sound elected BOLD activation is capable of suppressing contralateral tinnitus partially.

#### Effects of deep brain stimulation

Whereas rTMS, tDCS, and epidural stimulation exert their effects primarily in superficial brain regions, DBS can modulate brain activity very focally in deeper brain regions. To our knowledge there are no published reports of patients who received DBS for the treatment of tinnitus. However, results are available from patients who received DBS in the ventralis intermedius nucleus of the thalamus (Shi et al., [@B136]) or in the caudate nucleus (Cheung and Larson, [@B13]) for movement disorders who also reported having tinnitus.

In one study, seven patients implanted with DBS systems for movement disorders who also reported having tinnitus were interviewed and asked about their tinnitus conditions. Three of the seven patients reported reduced tinnitus loudness when DBS was turned on. Of the four patients tested in a specialized tinnitus clinic, results indicated that DBS of the ventralis intermedius nucleus of the thalamus caused decreases in tinnitus loudness in two patients with relatively prolonged residual inhibition (Shi et al., [@B136]).

The caudate is routinely traversed during DBS implantation of the subthalamic nucleus and ventral intermediate nucleus in awake patients for treatment of Parkinson's disease and essential tremor, respectively. In six tinnitus patients who underwent DBS for movement disorders. the effect of DBS in the locus of caudate neurons (area LC) was evaluated with respect to the patients' tinnitus (Cheung and Larson, [@B13]). In five subjects tinnitus loudness in both ears was suppressed to an intensity level 2/10 or less. In one subject, where the DBS lead was outside the area LC, tinnitus was not modulated. Hearing thresholds were unchanged by area LC stimulation.

These results suggest that DBS of non-auditory thalamus and caudate structures may provide tinnitus relief for some patients. The mechanisms involved in tinnitus suppression by DBS are yet unknown, but it has been suggested that stimulation of area LC of the caudate nucleus may modulate auditory gating function (Larson and Cheung, [@B81]).

Conclusion
==========

Imaging studies demonstrate that tinnitus is related to structural and functional alterations in multiple brain structures including auditory cortex, thalamus, dorsal, and subgenual anterior and posterior cingulated cortex, ventromedial prefrontal, and dorsolateral prefrontal cortex, parietal cortex, precuneus, insula, amygdale, hippocampus, and parahippocampus. The findings from imaging studies are complemented by brain stimulation studies that demonstrate reduction of tinnitus loudness and/or distress after stimulation of temporal, temporoparietal, parietal, dorsolateral and ventromedial prefrontal cortex, and ACC.

It has been suggested that different aspects of tinnitus such as perceptual aspects (loudness, tone-, or noise-like, laterality), attention, salience, distress, mood, memory, and duration are reflected by the involvement of specific networks (De Ridder et al., [@B22]), a claim which is currently only partly supported by empirical evidence from imaging or brain stimulation studies. This may also be due to methodological difficulties related to (1) reliable assessment of the different aspects of tinnitus, (2) the need for large samples in order to differentiate the neuronal correlate of specific aspects, (3) the limited resolution and sensitivity of the currently used imaging techniques, and (4) incomplete understanding of the mechanisms of action of the various brain stimulation techniques.

In spite of these constraints the available data demonstrate that focal modulation of neuronal activity by brain stimulation techniques provides a useful complementary approach to neuroimaging, which is limited by its strictly correlational character. Important added value can be obtained by investigating the effects of focal modulation of the different areas showing up in functional imaging studies of tinnitus. Assessment of neuronal changes related to tinnitus reduction or worsening can reveal important information about which neuronal changes are directly related to tinnitus and which reflect predisposition, compensatory changes, or epiphenomena. Thus, correlations between brain activity and/or connectivity and tinnitus can tentatively be turned into causal relationships. This can be performed for tinnitus as a unified percept, or for specific aspects of tinnitus (e.g., distress, depression, loudness,...) if well controlled for other aspects. This will ultimately lead to a better understanding of which areas or subnetworks are critically involved in the generation of each aspect of tinnitus and ultimately in tinnitus as a unified percept. The pathophysiological neural correlates could subsequently provide important information for improving brain stimulation techniques as a treatment strategy.
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